The objective of this experiment, part of a larger study, was to investigate changes in rumen bacterial, archaeal, and fungal diversity in cows fed medium-chain saturated fatty acids. In the main study, 6 lactating dairy cows were dosed intraruminally with 240 g/(cow·d) of stearic (SA, control), lauric (LA), or myristic (MA) acid in a replicated 3 × 3 Latin square design trial. Experimental periods were 28 d, and cows were transfaunated between periods. Lauric acid decreased protozoal counts in the rumen by 96% compared with SA and MA (compared with SA, MA had no effect on ruminal protozoa). Whole ruminal contents samples were collected 2, 4, 6, 8, 10, 14, 18, and 24 h after the morning feeding on d 23 of each experimental period, stored frozen, and later composited by cow and period for microbial profi le analyses, which involved tag-encoded fl exible (FLX) amplicon pyrosequencing to provide diversity analyses of gastrointestinal bacterial, archaeal, and fungal populations of the cattle. The LA treatment, either directly or through its effect on protozoa, had a profound effect on the microbial ecology of the rumen.
INTRODUCTION
The microbial populations of the rumen, particularly bacteria and archaea (methanogens), have been extensively studied (Coleman, 1975; Williams and Coleman, 1988; Fernando et al., 2010) . Much is known about the ruminal bacterial populations, but our understanding of interactions between ruminal protozoa and bacteria or archaea in vivo is limited, and very little data exist on the effects of protozoa on ruminal fungal populations. Although cross-feeding of nutrients within bacterial populations and between bacteria and archaea has long been known (Carroll and Hungate, 1955; Iannotti et al., 1973; Chen and Wolin, 1977) , only relatively recently has the cross-feeding of nutrients between ruminal protozoa and archaea become evident (Vogels et al., 1980; Lee et al., 1987; Finlay et al., 1994) . As a result, defaunation has been suggested as a strategy for mitigating enteric methane emissions by ruminants (Boadi et al., 2004; Hristov and Jouany, 2005) . Furthermore, protozoapredate on ruminal bacteria and fungi (Joblin, 1990) ; thus, removal of the protozoa can lead to increased fungal zoospore density (Orpin, 1977; Romulo et al., 1986 Romulo et al., , 1989 .
Our understanding of interactions between bacteria, archaea, and protozoa in the rumen is still in its infancy. To date, little research has been focused on how changes in one microbial domain population affect other populations, and no studies have measured the ruminal ecosystem-wide effects on microbial diversity in a controlled fashion. Thus, our objective was to investigate concurrent changes in ruminal bacterial, archaeal, and fungal diversity in cows using a modern pyrosequencing approach. The cows were treated with medium-chain saturated fatty acids (MCSFA), which resulted in severely decreased protozoal populations when cows were fed lauric acid (LA). We hypothesized that feeding MCSFA would also result in substantial changes in the bacterial, fungal, and, particularly, archaeal ruminal populations of lactating dairy cows.
MATERIALS AND METHODS
Animals involved in this study were cared for according to the guidelines of the Pennsylvania State University Animal Care and Use Committee. The committee reviewed and approved the experiment and all procedures carried out in the study.
Animals and Experimental Design
This study was part of a larger experiment (Hristov et al., 2011) investigating the effect of MCSFA, specifi cally LA and myristic (MA) acids on ruminal fermentation, methanogenesis, and production in lactating dairy cows. The hypothesis tested in the main study was that LA is the fatty acid (FA) primarily responsible for the methanogenesis inhibition effect previously observed with coconut oil (Hristov et al., 2009) , and details have been reported previously (Hristov et al., 2011) . The BW and days in milk (both at the beginning of the study), milk yield, and DMI of the cows during the study were 666 ± 14 kg and 95 ± 26 d, 41 ± 2 kg/d, and 23 ± 1 kg/d, respectively. The design of the experiment was a replicated 3 × 3 Latin square, balanced for residual effects. Treatments were 240 g/(cow·d) of lauric (minimum, 99% LA), myristic (minimum, 98% MA), or stearic (SA; minimum, 98% SA; control) acids. Lauric acid and MA (KIC Chemicals, Inc., New Paltz, NY) and SA (Brenntag Nederland BV, Dordrecht, the Netherlands) were obtained commercially. The dose of 240 g FA/(cow·d) and application method (intraruminal pulse dose) were chosen on the basis of previous studies (Hristov et al., 2011) . Stearic acid was used as a control treatment because it has minimal effects on ruminal fermentation (Hristov et al., 2004) . Each experimental period comprised a 21-d treatment adaptation followed by a 7-d sampling period. Treatments were applied once daily, immediately before morning feeding, throughout the experimental periods, directly into the rumen via the cannula by hand-mixing with approximately 5 kg of whole ruminal contents. On the last day of periods 1 and 2, all cows were transfaunated with approximately 20 kg/cow of whole ruminal contents from 4 donor cows fed the same basal diet (but not supplemented with FA). Following a 7-d refaunation period, the cows were assigned to new treatments.
Sampling and Analyses
Full details on the sampling procedures are provided in Hristov et al. (2011) . Briefl y, whole ruminal content samples were collected at 2, 4, 6, 8, 10, 14, 18 , and 24 h following the morning feeding on d 23 of each experimental period. Samples were collected from 4 locations in the rumen and the reticulum (approximately 250 g each), composited, and aliquots were fi ltered through 2 layers of cheesecloth. The fi ltrate was processed (Hristov et al., 2001 ) for enumeration and generic distribution of ruminal protozoa (Dehority, 1993) . Aliquots of the whole ruminal contents samples collected at the times indicated above (approximately 70 g each) were stored frozen at −20°C for microbial profi ling. The samples were thawed and composited on an equal-weight basis to make one composite sample per cow and experimental period.
Bacterial Tag-Encoded Flexible Amplicon Pyrosequencing (bTEFAP)
Tag-encoded bTEFAP was originally described by Dowd et al. (2008a) and has been used in assessing the intestinal populations of a variety of food animals, including cattle (Dowd et al., 2008a; Callaway et al., 2010; Williams et al., 2010) . Total genomic DNA was extracted from ruminal samples using a mini kit and the manufacturer's recommended methods (QIAamp stool DNA mini kit; Qiagen, Valencia, CA). Sample DNA was quantifi ed (Nanodrop Spectrophotometer; Nyxor Biotech, Paris, France).
All DNA samples were diluted to 20 ng/μL. A 1-μL aliquot of each sample DNA was used for a 25-μL PCR reaction. The 16S universal Eubacterial primers 104F (5′-GGC GVA CGG GTG AGT AA) and 530R (5′-CCG CNG CNG CTG GCA C; numbered in relation to E. coli 16S), archaea selective primers A349F (5′ GYG CAS CAG KCG MGA AW) and reverse A806R (5′ GGA CTA CVS GGG TAT CTA AT), and fungal Fun509F (5′ TGG AGG GCA AGT CTG GTG; relatively numbered in relation to Saccharomyces 18S) and FunSSUR (5′ TCG GCA TAG TTT ATG GTT AAG) for a single-step 30 cycle PCR using a kit (HotStarTaq Plus Master Mix Kit; Qia-gen, Valencia, CA) were used under the following conditions: 94°C for 3 min, followed by 30 cycles of 94°C for 30 s; 55°C for 40 s and 72°C for 1 min; and a fi nal elongation step at 72°C for 5 min. Following PCR, all amplicon products from different samples were mixed in equal volumes and purifi ed (Agencourt Ampure beads; Agencourt Bioscience Corporation, Beverly, MA).
bTEFAP Flexible Massively Parallel Pyrosequencing
In preparation for fl exible (FLX) sequencing (Roche, Nutley, NJ), the DNA fragments size and concentration were measured by using DNA chips (Bio-Rad Experion Automated Electrophoresis Station; Bio-Rad Laboratories, Hercules, CA) and a fl uorometer (TBS-380 Fluorometer; Promega Corporation, Madison, WI). A 9.6 × 10 6 sample of double-stranded DNA molecules/μL with an average size of 625 bp was combined with 9.6 million DNA capture beads and then amplifi ed by emulsion PCR. After bead recovery and bead enrichment, the bead-attached DNA were denatured with NaOH, and sequencing primers were annealed. A 2-region 454 sequencing run was performed (70 × 75 GS PicoTiterPlate and Genome Sequencer FLX System; Roche, Nutley, NJ). Following sequencing, all failed sequence reads, low-quality sequence ends (Avg Q25), short reads < 150 bp, and tags and primers were removed. Amplicons were aligned along the bacterial or archaeal primer and were trimmed to approximately 150 bp to standardize length, and these were used determine operational taxonomic units. Sequence collections were then depleted of any nonbacterial, archaeal, or fungal ribosome sequences, sequences with ambiguous base calls, sequences with homopolymers >5 bp in length, and chimeras using B2C2 (Gontcharova et al., 2010) , as has been described previously (Bailey et al., 2010; Callaway et al., 2010; Pitta et al, 2010; Smith et al., 2010; Capone et al., 2011; Handl et al., 2011; Ishak et al., 2011) . Alpha and beta diversity analysis was performed (Qiime Core Analysis Pipeline, http://www. qiime.org). To determine the predicted identity of microorganisms in the remaining sequences, sequences were queried using BLASTn against a highly curated custom database of high-quality 16S bacterial and archaeal sequences derived and manually curated from the National Center for Biotechnology Information (NCBI, Bethesda, MD). Fungal identities similarly were predicted using a highly curated database of fungal small subunit sequences. Using a .NET analysis pipeline, the resulting BLASTn outputs were compiled and data reduction analysis was performed, as described previously (Bailey et al., 2010; Callaway et al., 2010; Pitta et al., 2010; Smith et al., 2010; Capone et al., 2011; Handl et al., 2011; Ishak et al., 2011) . Bacteria, fungi, and archaea were classifi ed at the closest well-characterized genus relative ( Handl et al., 2011; Ishak et al., 2011) . Sequences with identity scores, known or well-characterized 16S sequences, between 95% and 97% were resolved at the genus level, 90% and 95% at the family level, 85% and 90% at the order level, 80% and 85% at the class level, and 77% and 80% at the phyla level. After these resolutions, the percentage of each bacterial and archaeal ID was individually analyzed for each sample, providing relative abundance information within and among the individual samples on the basis of relative numbers of reads within each sample.
Statistical Analyses
Data were analyzed using the PROC MIXED procedure (SAS Inst., Inc., Cary, NC) as a replicated 3 × 3 Latin square design according to the following model: Y ijkl = m + G i + C(G) ij + P k + t l + e ijkl , where m is the overall mean, G i is the group, C(G) ij is the cow within group, P k is the kth period, t l is the lth treatment, with the error term e ijkl assumed to be normally distributed with mean = 0, and constant variance. Group and cow within group were random effects, whereas all other factors were fi xed. Statistical differences were declared at P ≤ 0.05. Differences between treatments at P ≤ 0.10 were considered a trend toward signifi cance.
RESULTS AND DISCUSSION
Despite more than 60 yr of studies demonstrating the role of the ruminal microbial consortium in feedstuff degradation, interactions within the ruminal microbial ecosystem remain largely unknown, especially with respect to interactions and cross-feeding between bacteria, archaea, protozoa, fungi, and the host animal. Most of our ideas about the role and importance of gastrointestinal bacteria in the ruminant have been based on correlations between culture-dependent population estimates and various end products, such as VFA or methane (Hungate, 1950; Bryant and Burkey, 1952) . Because of this limitation, our knowledge about gastrointestinal microbial populations has remained rather rudimentary until the relatively recent development of molecular identifi cation methods. Molecular methods using rapid sequencing technologies, such as pyrosequencing, are now being used to evaluate multiple differences and interactions in the microbial diversity of complex ecosystems, such as the rumen (Roesch et al., 2007; Dowd et al., 2008b; Callaway et al., 2010) .
Ruminal protozoa comprise more than 50% of the ruminal biomass (Russell, 2002 ), yet they are not well understood and are not considered vital to the health and well-being of the host because ruminants can be defaunated with little effect on animal performance (Orpin, 1977; Bird and Leng, 1978; Jouany et al., 1988) . The ability of ruminal protozoa to synthesize amino acids is very limited and has been reported only for some genera (Williams and Harfoot, 1976) . As a result, protozoa have an obligate requirement for bacterial amino acids, and very high rates of bacterial engulfment by entodiniomorphid protozoa have been reported in vitro (Coleman, 1975) . This intensive predation and intraruminal recycling of bacterial protein by protozoa is the justifi cation used to explain the increase in bacterial protein synthesis and outfl ow from the rumen often observed with defaunated animals (Hristov and Jouany, 2005) . Vegetable oils in general and long-chain unsaturated FA and MC-SFA in particular have been reported as effective rumen modifi ers, inhibiting ruminal protozoa and, in some cases, archaeal populations and, as a consequence, decreasing methane production (Henderson, 1973; Hristov et al., 2004 Hristov et al., , 2009 Odongo et al., 2007) . Therefore, investigating ruminal contents from dairy cows fed MCSFA for microbial diversity using novel analytical techniques could reveal important information about the complex interactions among microbial species in the rumen.
The results presented here need to be interpreted in relation to the overall effects of LA and MA on ruminal fermentation and DMI of the experimental cows reported previously (Hristov et al., 2011) . Briefl y, ruminal fl uid pH was increased by LA compared with SA and MA (6.36 vs. 6.17 and 6.13, respectively). Total VFA, acetate, and ammonia concentrations were decreased by LA compared with SA and MA (total VFA: 104.6 vs. 114.0 and 114.9; acetate: 58.5 vs. 67.9 and 67.4; and ammonia: 3.10 vs. 4.03 and 4.41 mM, respectively). Propionate concentration and ruminal methane production were not affected by treatment. Total protozoal counts were decreased by LA compared with SA and MA: 3.8 vs. 88.0 and 102.7 × 10 4 /mL, respectively. Dry matter intake by the cows was severely decreased by LA compared with SA and MA (20.0 vs. 26.9 and 25.6 kg/d, respectively), which resulted in 8.6 kg/d less milk production with LA compared with the other treatments.
Bacterial Effects
A total of 135,425 sequences were derived for bacterial diversity analysis, with a total of 61,801 used for analysis after quality control, averaging 3,433 sequences per sample. More than 190 bacterial genera were classifi ed from the ruminal fl uid of the cows in this study (Table 1) . Ruminal prevalences of Prevotella, Bacteroides, Catabacter, and Enterorhabdus were decreased (P = 0.04 to < 0.001) more than 2-fold by LA compared with SA, with MA being intermediate. Prevotella and Bacteroides species have been implicated in wasteful (from an animal production perspective) ruminal protein degradation (Russell, 1983; Lou et al., 1997) and starch fermentation (and associated sequestration), and some species have been implicated in genetic transfer of antimicrobial resistance between humans and cattle (Shoemaker et al., 1991) . The proportion of Clostridium was decreased (P = 0.01) in LA compared with MAtreated cows, indicating a direct effect of LA on this population. The proportion of Ruminococcus was not affected by treatment, although the LA treatment had the least proportion of Ruminococcus. Defaunation of cattle has been previously reported to decrease fi ber digestion (Jouany et al., 1988) , which was linked to the hypothesis that ruminal protozoa are responsible for 50% of the fi ber-degrading activity in the rumen (Coleman, 1986) . Ruminococci are thought to be critical to the ruminal digestion of fi ber (Helaszek and White, 1991; Chiquette et al., 2007) , and a decrease in their populations could result in decreased fi ber degradation. Total tract fi ber digestion was not affected by MCSFA in the main trial, but ruminal acetate concentration was approximately 15% less in LA-treated vs. SA cows (Hristov et al., 2011) . The effect of defaunation on ruminal fi brolytic species has not been consistent. Mosoni et al. (2011) , for example, reported increased populations of R. albus and R. fl avefaciens in defaunated sheep. In the present study, Eubacterium, Butyrivibrio, Olsenella, Erysipelothrix, Lachnospira, Corynebacterium, and Solobacterium genera proportions were increased (P = 0.03 to 0.01) by LA compared with MA or SA. The Eubacterium isolated previously from the rumen are nonsaccharolytic "ammonia hyperproducing" bacteria that have been hypothesized to play a role in ruminal protein degradation (Wallace et al., 2003) . Lactobacillus proportions were dramatically increased (P = 0.02) by LA compared with MA or SA.
As we obtained several thousand species sequences per sample (minimum 3,000, maximum 9,595), we were able to detect bacteria that accounted for 0.1% of the total detected population (only the top 40 genera of bacteria by proportion in ruminal contents are presented in Table 1 ), giving a relatively deep and thorough examination of the predominant bacterial populations in these samples. Most of the changes in bacterial populations in response MCSFA (particularly LA) were observed in the Firmicutes phylum, which contains many of the most common ruminal bacterial species, although relatively large-scale changes were observed in the Bacteroidetes phylum as well. The ruminal bacterial population of cattle is dominated by strict anaerobes, whereas facultative anaerobes such as enterobacteriaceae have been reported to occur in numbers at least 100-fold less than the strict anaerobes (Drasar and Barrow, 1985) . This is supported by our results, in which the predominant ruminal genera were Prevotella, Clostridium, Bacteroides, and Eubacterium. These results are, however, in contrast to those that demonstrated that LA supplementation up to 50 g/(animal·d) did not affect Prevotella or Streptococcus populations as determined by reverse transcription polymerase chain reaction (RT-PCR; Yabuuchi et al., 2007) . It has to be pointed out that the LA dose in the Yabuuchi et al. (2007) study was much smaller (maximum of 50 g/d for steers averaging 784 kg in BW) compared with the LA dose used in the current trial. In addition, Yabuuchi et al. (2007) top dressed the LA, and the rate of feed consumption was not discussed. As clearly shown by Faciola et al. (2005 Faciola et al. ( , 2008 , application method and dose are critical for manifestation of the effect of LA, which might explain the different responses to LA observed in the current study and that of Yabuuchi et al. (2007) .
Archaeal Effects
A total of 145,325 sequences were derived for archaeal diversity analysis with a total of 89,424 used for analysis after quality control averaging 4,968 sequences per sample. The relationship between ruminal protozoa and archaea has been an increasing area of research, particularly in relation to developing enteric methane mitigation strategies (Boadi et al., 2004) . The surface of protozoa can be colonized by various bacteria (some fi brolytic species, for example; Imai and Ogimoto, 1978; Finlay et al., 1994) and are also closely associated with archaea (Vogels et al., 1980) , likely as a result of their production of reducing equivalents (formate and H 2 ) from fermentation, thereby providing a favorable reduced environment for these strict anaerobes (Vogels et al., 1980; Stumm et al., 1982; Jouany et al., 1999) . It has been well established that methanogenic archaea can live in a symbiotic relationship with protozoa (Lee et al., 1987; McAllister and Newbold, 2008; Morgavi et al., 2008; Mosoni et al., 2011) . By producing methane derived from H 2 pulled from reducing equivalents, the rate of protozoal substrate fermentation is increased. It has been suggested that methanogens associated with protozoa may cause protozoa to preferentially ingest starch granules over fi ber particles, and because there is such intense bacterial competition for starch, amylolytic bacterial populations seem to particularly increase in size in defaunated animals (Kurihara et al., 1978) . Defaunation of cattle and sheep reportedly increased starch degradation and resultant propionate concentration and might decrease methane production (Jouany et al., 1988; Morgavi et al., 2008; Mosoni et al., 2011) . Following refaunation, a lag period occurs before methane production returns to normal (Morgavi et al., 2008) , possibly because of a period of recolonization and reequilibration of the symbiosis between protozoa and archaeal populations, indicating the crucial nature of this relationship.
In the current study, total protozoal (and specifi cally Entodinium spp.) prevalence was decreased 96% (P < 0.001; Figure 1 ) by LA compared with SA and MA. Other protozoal species were not detected in the LA-treated cows and were less in the other treatments (for genera distribution see Hristov et al., 2011) . Methanobrevibacter was decreased (P = 0.01) and Methanosphaera prevalence was increased (P = 0.01) by LA compared with MA or SA cows ( Table 2 ). The decrease in Methanobrevibacter prevalence is hypothesized to be linked to the physical relationship between these archaea and the ruminal protozoa and subsequent decreases in reducing equivalent (H 2 ) cross-feeding between archaea and protozoa (Vogels et al., 1980) . This result differs markedly from that of Mosoni et al. (2011) , who reported that ruminal defaunation did not affect methanogen diversity or total populations in the rumen of sheep. With the conditions of the current experiment, the potential direct effect of LA on ruminal archaea cannot be dis- 2 P-value for the main effect of treatment.
at Texas A&M University on August 13, 2013 www.journalofanimalscience.org Downloaded from tinguished from its indirect effect through suppression of ruminal protozoa. Nevertheless, our results indirectly indicate that removal of protozoa from the ruminal consortium might decrease the number of physical attachment sites or nutrient cross-feeding that benefi t Methanobrevibacter populations, with the remaining substrate (H 2 and CO 2 ) being used by other methanogens (possibly explaining the increased populations of Methanosphaera). Methanobrevibacter spp. (especially M. smithii), species associated with ruminal populations of ciliate protozoa and have also been isolated in association with the Holotrich genera Isotricha and Dasytricha (Tokura et al., 1999; Irbis and Ushida, 2004; Ohene-Adjei et al., 2007) . Although the rates of methane production by the individual archaeal genera have not been quantifi ed, it is reasonable to hypothesize that by changing the ruminal methanogen populations, the amount of methane produced could be altered (McAllister and Newbold, 2008) ; however, research has not always demonstrated the existence of a correlation between methanogen population composition and density as determined by qRT-PCR (Mosoni et al., 2011) and methane production. In the main study, for example, ruminal methane production was not affected by MCSFA supplementation (Hristov et al., 2011) . Moreover, in the main study, quantitative PCR and denaturing gradient gel electrophoresis (DGGE) analysis were used to determine the effect of treatment on the 16S rRNA copy number of methanogenic archaea and variance in the number or size distribution of DNA bands between animals or treatments, but these techniques did not show differences in the archaeal population structure in the rumen (Hristov et al., 2011) .
Fungal Effects
Ruminal fungi isolated from the present study represented more than 200 separate genera (Table 3 ; only the top 40 genera by proportion in ruminal contents are presented). The predominant fungi isolated in this study were from the genera Eupenicillium, Pichia, and Candida, which collectively accounted for 60% to 70% of the fungal isolates. Overall, very little change in the diversity of the ruminal fungi was observed as a result of MCSFA treatment in the present study. Populations of Galactomyces were increased (P = 0.04) by LA and MA compared with SA, and populations of Kraurogymnocarpa were increased (P = 0.04) in MA-treated cows compared with either LA or SA cows. These fungal genera accounted for less than 1% of the total fungal DNA present; thus, the importance of these changes to the animal is likely minimal.
One obvious limitation of this study is that we were not able to differentiate fungi resident in the rumen from transient fungi being carried by the feed. Nonetheless, given the relative consistency of the fungal genera detected in all 3 treatments, it is apparent that considerable changes in fungal populations do not occur following supplementation with LA or MA compared with SA.
For years, our research efforts into microbial interactions have been hampered because of reliance on growth-dependent methodologies, which overrepresent easily grown bacteria (Dahllof, 2002) . Molecular DNA data indicate that only 1% of gastrointestinal bacteria are known (Nocker et al., 2007) . These methods have been recently used to examine what effects dietary changes or ingredients have on the bacterial population in the rumen of cattle (Dowd et al., 2008a; Callaway et al., 2010; Williams et al., 2010) . Information available on ruminal archaea, protozoa, and fungi remains extremely limited, and to date, there has been no investigation using these new molecular methods to detect interactions between ruminal microbial domains. The present study elucidated some of the shifts in the microbial changes in bacterial, archaeal, and fungal populations following (Hristov et al., 2011) in ruminal fl uid of dairy cows treated with 240 g/(cow·d) of lauric acid (LA), myristic acid (MA), or stearic acid (SA, control; n = 18; least squares means). Protozoa (actual counts were log 10 transformed for the statistical analyses): 3.8, 97.0, and 83.9 × 10 4 /mL for LA, MA, and SA, respectively (SEM = 18.16, P < 0.001). a,b Means that do not have a common superscript differ, P < 0.05.
at Texas A&M University on August 13, 2013 www.journalofanimalscience.org Downloaded from MCSFA treatment. Although the changes observed were relatively mild in scope compared with the theoretical effects, it seems that following LA treatment, there were substantial changes in ruminal bacterial and archaeal populations. These changes might have been partially caused by the decreased protozoal populations or the severe decrease in DMI with the LA treatment compared with SA and MA. As molecular microbiology is used more widely to elucidate the ruminal microbial ecosystem, we can begin to better detail these interactions as well as those between the host and the microbial consortium that are becoming more widely recognized (Lyte, 2010; Bailey et al., 2011) . Understanding how changes within the microbial consortium affect other microbial populations and how these interact with the host can elucidate new methods to harness and modify the ruminal microbial population to improve animal health, production, effi ciency, and food safety, and to mitigate the environmental impact of animal production. 
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